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The stirred-reactor technique was used to measure the reaction rates of Hs, NHs, and CH, with mixtures of
atomic and molecular oxygen (O+O;) at temperatures ranging from 350° to 600°K. A mass spectrometer
capable of detecting atomic oxygen and hydrogen was used to analyze the reacting mixture in the stirred
reactor. It was discovered that atomic oxygen could be quantitatively monitored by the mass spectrometer
at a mass-to-charge ratio of 8. The reaction of H, with the 0402 mixture was found to be a chain reaction,
with four to six atoms of oxygen consumed for each hydrogen molecule. The rate constant for the dis-
appearance of atomic oxygen was 310" exp(—8300/RT) cc mole~! sec™!. The products of the reaction
were H;O and H. The reactions of NH; and CH; with the OO0, mixture were complex chain reactions,
with a minimum of eight atoms of oxygen disappearing for each molecule of NH; or CH,. Rate constants
for atomic-oxygen disappearance were

3X 10" exp(—4800/RT) cc mole~!sec! and 2X108 exp(—6900/RT) cc mole sec?,

respectively. The products of the former reaction were NO, H,O, and small amounts of H, and H. The
products of the latter reaction were H:O, COs, and small amounts of CO, Hz, and H. Sttt on,

INTRODUCTION

EACTIONS of atomic oxygen are important in
combustion; however, molecular oxygen is nor-
mally present in addition to atomic oxygen. Therefore,
kinetic measurements of the reactions of Hy, CH,, and
NH; with mixtures of atomic and molecular oxygen
(O+0s) at temperatures ranging from 350° to 600°K
were undertaken in order to get rate constants and to
understand the reaction mechanisms. The reaction of
Hs with O4-O, mixtures has been studied before,’-2 but
not in as much detail as reported herein. The reaction
of NHj with O+ O, mixtures has recently been studied,?
but over a smaller temperature range. The rate of the
reaction of CH, with 040, mixtures seems not to
have been studied at all.

EXPERIMENTAL

The 300-cc stirred reactor* and its connection to the
Bendix time-of-flight mass spectrometer is diagrammed
in Fig. 1. The reactor and its inlet tubes may be heated
to any desired temperature up to 600°K if insulated
electrical heating tape is wrapped around them.

The flow of molecular oxygen into the reactor was
metered by a small Matheson flowmeter. Flow rates
ranged from 1.4 to 1.5 cc/sec (NTP), which yielded
pressures in the reactor near 0.8 mm Hg. Reactant
gases were metered by observing the rate of pressure
decrease in a reservoir of known volume as the gas
flowed out of it. A mercury manometer was used to

1F. Kaufman, Progress in Reaction Kinetics (Pergamon Press,
Ltd., London, 1961), pp. 1-40.

2 P. Harteck and U. Kopsch, Z. Physik. Chem. B12, 327 (1931).

31. I. Avramenko, R. V. Kolesnikova, and N. L. Kuznetsova,
Izv. Akad. Nauk S.S.S.R. Otd. Khim. Nauk. 6, 983 (1962).
(1‘9 ?7.)3. Kistiakowsky and G. G. Volpi, J. Chem. Phys. 27, 1141

follow the pressure changes in the reservoir for all
gases except NO,, for which a stainless-steel Wallace—
Tiernan Bourdon-type gauge was necessary.

For the aforementioned experimental conditions
[300-cc stirred reactor, 1.5 cc/sec (NTP) flow at
pressure of about 1 mm Hg], the requirement for
an efficient stirred reactor was satisfied.* The ratio of
residence time to diffusion time was about 10.

The purity and sources of various gases used in this
study are described in Table 1.

Atomic oxygen was generated in flowing molecular
oxygen by a microwave discharge from a Raytheon
Model KV 104(NB) 100-W microwave generator. In
order to maximize the production of oxygen atoms, the
standard antenna accompanying the equipment was
replaced by a Raytheon tapered waveguide section
(Part No. 7097-1001). The concentration of atomic
oxygen normally produced was about 209, at pres-
sures near 1 mm Hg, as determined by the standard
technique of titration with NO,.! It is thought that
traces of moisture in the O, may have been responsible
for the high yield of atomic oxygen, although no H,O
or H was detectable, mass spectrographically, in the
gas. Wall recombination of atomic oxygen was mini-
mized by rinsing out the apparatus with 209, phos-
phoric acid.

Mass Spectrometry

In order to find rate constants from the stirred re-
actor, it is necessary to measure the concentrations
of both the reactant gas and atomic oxygen. For this
purpose, a Bendix Model 14-101 time-of-flight mass
spectrometer was attached to the exit of the stirred
reactor. Analysis of the stable species with the mass
spectrometer presents no problem, but analysis for
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F16. 1. Stirred reactor and connection to mass spectrometer.

atomic oxygen is more difficult. To minimize atom
recombination in the vicinity of the leak into the mass
spectrometer, a leak hole with a diameter of about
0.01 in. was formed in a thin sheet of Pyrex glass.
The ionizing electron beam is located about 1 mm
from the leak for this model of time-of-flight mass
spectrometer. With this arrangement, it was found
that atomic oxygen was detectable at a mass-to-charge
ratio (m/e) of 16, but quantitative interpretation was
difficult due to strong interference from molecular oxy-
gen, which was always present. However, it was found
that atomic oxygen could be monitored at m/e=8§,
or Ot *+ with an ionizing electron voltage of 80 to 85V
since in this region of the mass spectrum there is neg-
ligible background interference. Using these higher
electron voltages resulted in relative lon currents for
the O**, Of, and Os* peaks of 0.004, 1.0, and 8.0,
respectively, for about a 209, atomic concentration.

It was found that, at constant pressure, the ion cur-
rent at m/e=8 was directly proportional to the atomic-
oxygen concentration. For this test, atomic-oxygen
concentration was varied at constant pressure by
changing the power setting on the microwave gener-
ator. The atomic-oxygen concentration was measured
by NO, titration.

The ion current at m/e=8 for constant Q. flow
rates and discharge power settings decreased with in-
creasing pressure. This was observed by adding inert
gases such as argon or nitrogen to the stirred reactor.
Three effects can contribute to this decrease; these
are: decrease in efficiency of the discharge, recombina-
tion in the stirred reactor, and recombination or sensi-
tivity changes in the ion source.

The effect of pressure on the discharge efficiency
was measured by NO, titration and found to be small.
When the pressure was doubled, the total number of
O atoms was reduced by 109%. Consequently, for pres-
sure increases of up to 309, changes in the discharge
efficiency were neglected. The effect of recombination
in the stirred reactor may be approximately taken into
account by assuming that the major processes of re-
combination are O4+0;4+M—0;+M, O4+0+M—0z+
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M, and O-+0;—20,. Subtracting the decrease expected
from these processes from the observed decrease gives
the decrease due to sensitivity changes in the ion
source. These results were used in the reaction-rate
measurements to correct the observed ion currents at
m/e=8 for the effects of pressure changes after cali-
bration.

Calibration of the mass spectrometer for atomic oxy-
gen was done before (and occasionally after) each run
by titration with NO; to determine the atomic-oxygen
concentration corresponding to a given peak height.

As to analysis of the reaction products, the mass
spectrometer served to give qualitative results: that
is, it indicated what species were present and what
were not. The ability of the mass spectrometer to
detect unstable species proved especially valuable in
analysis of the products, since it proved possible to
detect atomic hydrogen as a product species.

Calculation of Rate Constants

Calculation of rate constants in the stirred reactor
for atomic-oxygen reactions is complicated by atom
recombination. Suppose a gas B, which reacts with
atomic oxygen by a bimolecular process, is added. The
following reactions occur in the stirred reactor:

O+ B—products, (1)
0+0:4+M—-0;+M, (2)
0+4-0;—20,, (3)
0+04+M—0.+M, (4)
O+surface—30,. (5)

Under the conditions of our experiment (~209,
atomic oxygen, phosphoric-acid-coated walls), Reac-
tion (5) contributes little to the loss of atomic oxygen
in the stirred reactor and is neglected. Since the steady
state for ozone in the reactor is assumed, then the rate
of disappearance of atomic oxygen by Reaction (3)
equals that by Reaction (2). The total rate is therefore

d[0]_d[0]s , 2d[0D: , d[0Lk
dt a ' da  dt’

where the subscript meanings are ¢ for total, B for
reaction with B, 2 for Reaction (2), and 4 for Re-
action (4). Expressing the rates of Reactions (1), (2),

(6)

TasLe I. Purities and sources of gases.

Gas Percent purity Source
Oxygen 99.5 Burdette Co.
Methane 99 (cp grade) Matheson Co.
NO. 99.5
H, 99.9 (prepurified)

NH; 99.9 (anhydrous)




REACTION OF ATOMIC OXYGEN WITH H.,,

and (4) in terms of rate constants, and the differential
on the left side of Eq. (6) as a finite difference appro-
priate to the stirred reactor, results in

([0P—[0])/t=+m[OI[BI+2k[0T0.][M]
+r[OFM], (7)

where [OJ° is the concentration of atomic oxygen in
the complete absence of chemical reaction, and [O]
is the actual concentration with chemical reactions.
The quantity [OP was determined by titration with
NO; in the stirred reactor. The reaction of NO, with
O is so fast that it completely outstrips the recombina-
tion reactions. Consequently, titration with NO, yields
the concentration [O]°. The concentration [O] was
measured by the mass spectrometer, as discussed above.
The concentration of B was also monitored by the
mass spectrometer. The rate constants k. and k&, were
taken as 0.7X10% cc® mole=? sec and 1.1X10 cc?
mole~2 sec™!, respectively.! The concentration of O,
and M can be calculated from the concentration [O],
the flow rates, and the total pressure, which was meas-
ured with a McLeod gauge. All quantities required to
calculate &; (the rate constant for disappearance of
atomic oxygen by reaction with B) from Eq. (7) are
then known. In practice, the procedure consisted of
establishing a flow of atomic and molecular oxygen in
the stirred reactor and then simultaneously determin-
ing [OY and calibrating the mass spectrometer by
NO, titration. Next, the reactant gas was added to
the stirred reactor in a stepwise fashion, measuring
[O] with the mass spectrometer after each step. The
concentration of the reactant gas in the stirred reactor
was measured at only a few of the steps. Concentra-
tions at intermediate steps were determined by inter-
polation. The results were used with Eq. (7) to calcu-
late a value of %, at each step. In this way, a number
of rate constants were measured at each temperature.

Limits of Measurement

It was noticed that for very large amounts of the
added gas B and for very slow reactions of B with O,
the data showed both large scatter and pronounced
trends. The reasons for this are twofold. First, for
large amounts of the added gas B, the pressure correc-
tion to the ion current becomes large. Second, for very
slow reactions of B with O, the correction term for
oxygen recombination in Eq. (7) becomes large. In
both cases, errors in the correction factors can cause
large errors in the calculated rate constants. Conse-
quently, an arbitrary limit of 159, was set for the cor-
rection factors. All data for which the individual cor-
rections exceeded 15% of [O—[0O] were rejected.
The remaining data showed much less scatter and no
pronounced trends. In terms of experimental variables,
this criterion meant that data for which the added
gas B increased the pressure in the stirred reactor more
than 309, and that data for which the rate constant
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for the reaction of O with B was less than 3X10® cc
mole™! sec™! were all rejected.

Precision and Accuracy

The precision of the data was low, with an average
deviation for all the rate constants of about 4209,
Instability of the mass spectrometer was thought to
be the major cause of the low precision. The instability
appeared to be random, so that large numbers of meas-
urements were made in an attempt to overcome this
source of error. The accuracy of the rate constants was
estimated to be about 3=50%,, based on a +=109%, pos-
sible error in concentration measurement, and a 419,
possible error in temperature measurement. This leads
to an accuracy for the activation energies of about
=420%, corresponding to about £1.5 kcal/mole for the
reactions studied.

The errors given for the rate constants in later sec-
tions are based on the error estimates given here.

REACTION OF HYDROGEN WITH ATOMIC AND
MOLECULAR OXYGEN MIXTURES

The atomic-oxygen concentration was measured in
the stirred reactor for different amounts of added hy-
drogen and at several different temperatures, and the
results are presented in Table II. These measurements
were used to calculate rate constants for oxygen-atom
disappearance according to Eq. (7) where B=H,. A
plot of the rate constant against 1/7" is shown in Fig.
2. The equation of the least-squares line through the
data is

B=3+1.5X108 exp(—830041500/RT)
cc mole™! sec”l. (8)

The activation energy of 8.3 kcal may be compared
with the value of 6 kcal estimated by Harteck and
Kopsch.? The extrapolated rate constant at 295°K is
231X 107 cc mole™? sec™?, which agrees well with the
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REACTION OF ATOMIC OXYGEN WITH H,,

Water and atomic hydrogen were the only reaction
products that could be found. It is felt that the experi-
mental data are not of sufficient precision and com-
pleteness to allow formulation of a mechanism for the
chain reaction. However, it seems likely that atomic
hydrogen is a result of the reaction between OH and
O, and that O; becomes involved in the chain reaction
by the reaction H4+0.+M—HO;+M. The most prob-
able reaction for the formation of water is thought to
be the reaction of OH with Hs.

REACTION OF AMMONIA WITH ATOMIC AND
MOLECULAR OXYGEN MIXTURES

The over-all rate constant for the disappearance of
atomic oxygen by reaction with ammonia was calcu-
lated from stirred reactor measurements (Table II).
The results are shown in Fig. 4. The equation of the
least-squares line through the data is

k=34-1.5X10"2 exp(—480041500/RT)
cc mole™t sec™’.  (9)

Recently Avramenko, Kolesnikova, and Kuznetsova?
have reported rate data for this reaction. They made
four measurements in the range of 348° to 458°K that
show no temperature dependence. A comparison of
their data with the data of this report is shown in
Fig. 4. The lack of temperature dependence reported
by these workers is possibly the result of insufficient
temperature range and precision.

The reaction is a chain reaction, as proved by the
relative stoichiometry of the reaction. This is shown in
Fig. 3, where the number of moles of atomic oxygen
consumed per mole of ammonia consumed is plotted
against temperature. The ratio is larger than for hy-
drogen and is a minimum of about 8 in the range 400°
to 530°K.

Mass spectrometric analysis of the reaction products
showed the main products to be water and nitric oxide.
Traces of molecular and atomic hydrogen also were
found. Atomic hydrogen probably results from the re-
action of OH with O and possibly also from the reaction

NH+0—-NO+H,

which could account for the appearance of NO as the
only nitrogen-containing product of the reaction. Mo-
lecular hydrogen could be formed by the reaction of
atomic hydrogen with ammonia. This reaction is more
complex than the Hy4-0+0; reaction.
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REACTION OF METHANE WITH ATOMIC AND
MOLECULAR OXYGEN MIXTURES

Rate constants for the disappearance of atomic oxy-
gen by reaction with methane were calculated from
stirred-reactor measurements (Table II) as before.
The resulting rate constants are shown in Fig. 5. The
equation of the least-squares line through the data is

k=2+1X102 exp(—6900+1500/RT)
cc mole! secl. (10)

The activation energy of 6.9 kcal/mole agrees approxi-
mately with the values estimated by Geib® of 7 kcal/
mole and by Steacie and Parlee® of 8 kcal/mole.

As in the preceding cases of hydrogen and ammonia,
the reaction is a chain reaction. The relative stoichi-
ometry of the reaction is shown in Fig. 3, where the
number of moles of atomic oxygen consumed per mole
of methane is plotted against temperature. The ratio
is 2 minimum of about 8 in the range of 350° to 500°K.

Mass-spectrometric analysis of the products showed
CO; and water as the major products, with smaller
amounts of CO, traces of Ha, and possibly a trace of H.

It is strange that CO; is a major oxidation product.
One would expect CO to be formed first, and it is
known that CO is oxidized quite slowly by atomic
oxygen, so that CO might be expected to be the major
carbon-containing product, rather than CQ,. This reac-
tion is evidently the most complex of the three studied.

5 K. H. Geib, Ergeb. Exakt. Naturw. 15, 44 (1936).

8 E. W. R. Steacie and N. A. D. Parlee, Can. J. Res. B16, 203
(1938).



